[1] Most countries use a 1-year-resolution emission factor approach (Tier 1 or 2) to estimate terrestrial N 2 O emissions as part of their national greenhouse gas inventory. Little attention has so far been paid to the effect of the temporal resolution of the approach (e.g., day, season, and year) on N 2 O emission estimates. The effect of lumping temporal variation can be very large because of daily or seasonal variations of processes causing N 2 O emissions. Therefore, we compared annual N 2 O emissions from a model with daily time steps (DNDC) with those of a model with annual time steps (INITIATOR). Emissions were simulated for two intensively managed grassland plots in the Dutch fen meadow landscape. Annual N 2 O emissions from the investigated grasslands were sensitive to rainfall distribution within the year, especially to summer rainfall. We recommend that Tier 2 N 2 O emission estimates for intensively managed grasslands on peat soils in the temperate climate zone are adjusted for relative summer rainfall.
Introduction
[2] Terrestrial N 2 O emission is an important component of the Dutch anthropogenic greenhouse gas balance. Brandes et al. [2007] estimated the contribution of N 2 O to the total Dutch greenhouse gas emission for the year 2005 as 8%, from which more than half originates from agricultural soils. These estimates were obtained in compliance with the Kyoto protocol and the UNFCCC guidelines, which imply the use of region-specific emission factors based on total emissions per year [Brandes et al., 2007; IPCC, 2006] .
[3] It is widely known that N 2 O emissions from soils have a large spatial and temporal variability, particularly at the small space-time measurement scales that are often applied [Flechard et al., 2007; Skiba et al., 1996; Velthof et al., 1996b] . Some ecosystems, e.g., needle-leaved forests, have a fairly constant emission throughout the year [SchulteBisping et al., 2003] . Other ecosystems have seasonal or event-based emission patterns. In fertilized grasslands, the largest part of the annual N 2 O emission occurs as ''peak'' emissions [e.g., Calanca et al., 2007; Jones et al., 2007; Velthof et al., 1996a] . These peak emissions are caused by events such as fertilizer or manure application [Bouwman, 1996] , rainfall events [Ryden, 1983] , or freeze-thaw cycles [Christensen and Tiedje, 1990] . A soil-water-filled pore space (WFPS) between 50 and 70% is believed to be optimal for N 2 O peaks [Davidson et al., 1991] . At drier conditions (smaller WFPS), N 2 O is a by-product of nitrification, and N 2 O emission is relatively small. At wetter conditions (larger WFPS), denitrification is the main process, and formation of N 2 is favored over N 2 O formation [Granli and Bøckman, 1994] . Other major controls on N 2 O emission are soil mineral N availability, temperature, and labile organic compounds availability [Skiba and Smith, 2000] . Cultivated organic soils are large emitters of N 2 O because of large C and N availability.
[4] Besides the well-known issues concerning the choice of spatial scale for measurement, modeling, and reporting N 2 O emissions [Nol et al., 2008; Velthof et al., 1996b] , also different temporal scales can be distinguished. The IPCC Tier system distinguishes different temporal scales [IPCC, 2006] . In the IPCC Tier 1 and Tier 2 methods that most countries use to estimate and report emissions, the annual N 2 O soil emission induced by N inputs is calculated as a fraction of the N input. The N 2 O emission factor (in %) depends on the type of N input (e.g., N input from grazing animals, animal manure, fertilizers, crop residues, fixation, or deposition). The Tier 1 method is the most basic method and uses default emission factors. Tier 2 is similar, but based on country-specific emission factors and activity data for the most important land uses and activities. The temporal resolution of both the Tier 1 and 2 method is typically a year (annual emission factor), because many activity data are not available at finer temporal resolution. Tier 3 methods make use of process-based models that incorporate relevant factors and processes that affect N 2 O emission. The temporal resolution is usually small because daily or hourly soil processes are simulated. Process models which are widely used to simulate N 2 O emissions are the denitrificationdecomposition process model (DNDC) [Li et al., 1992] , DayCent [Parton et al., 1998 ], and PaSim [Riedo et al., 1998; Schmid et al., 2001] . N 2 O emission factors for Tier 1 and Tier 2 methods are annual averages generally obtained from experimental research, lasting between 1 and 3 years, lumping all small-scale temporal variations. Little attention has so far been paid to the effect of lumping small-scale temporal variability on annual N 2 O emission estimates. However, the effect of small-scale temporal variations can be very large because of the strong dynamic nature of causal factors behind N 2 O emission and strong nonlinearities in the emission processes. With more information about the temporal variation of the causal factors, one could possibly adjust the emission factor for a specific year and improve the emission estimate of a Tier 2 method, without the need to use data-demanding Tier 3 methods.
[5] The main objective of this paper is to analyze the effect of temporal resolution by comparing annual N 2 O emissions from two models with a different temporal resolution. Accordingly, simulated N 2 O emissions of a Tier 2 model with a coarse (annual) temporal resolution were compared to results of a Tier 3 model with a fine (daily) temporal resolution. The differences between the models and the effects of these differences on the estimated annual N 2 O emissions were studied. For years with large differences in simulated annual N 2 O emissions, small-scale processes that could cause these differences were identified. We also estimated emission factors for the simulated years and compared these with emission factors used in the Tier 1 and Dutch Tier 2 methods to analyze whether the factors appropriately average the annual variations in N 2 O emissions. As such, the results of this work can contribute to improved identification of emission factors used in Tier 2 based inventories. Identification of the effect of temporal variation on annual N 2 O emission may be used to adjust the Tier 2 emission factors for a given year to the specific temporal variation patterns of that year.
Materials and Methods

Research Plots
[6] The N 2 O emission was modeled for the years 2001-2006 for two intensively managed grassland plots on peat soils in the Dutch western fen meadow landscape. The research plots are located in polder Zegveld, which is part of the western fen meadow landscape in the Netherlands. Two plots were studied: a ''dry'' plot (52°8 0 19 00 N 4°50 0 10 00 E) and a ''wet'' plot (52°8 0 12 00 N 4°50 0 18 00 E). The plots are rectangular parcels (approximately 300 by 50 m in size) bordered by ditches and owned by a dairy farmer. The plots are surrounded by other dairy farms. The soil consists of peat originating from wood. The dry plot is representative for most intensively managed grasslands in the western fen meadow landscape. It has a summer groundwater level of about 51 cm below soil surface, whereas the wet plot has a summer groundwater level of about 28 cm below soil surface. For the years 2001 through 2006, the average annual precipitation in the area was 889 mm (Figure 1) , and the average annual temperature was 10.9°C. Daily weather data of the Netherlands are available at http:// www.knmi.nl.
Data Collection
[7] Management, soil, and hydrological parameters were measured on the plots for the years 2001 through 2006 (Table 1) . Overall, the management for both research plots is comparable. Both plots were grazed by cattle. A time series of N 2 O measurements was also available for model verification [Jacobs et al., 2003] [de Vries et al., 2003a] has a yearly temporal resolution, and DNDC [Li, 2007] has a daily temporal resolution.
INITIATOR
[9] The model INITIATOR [de Vries et al., 2003b] has been developed to quantify the leaching and runoff of N to groundwater and surface water and of emissions of ammonia and nitrous oxides to the air in response to N inputs. It includes all N inputs and outputs, including gains and losses within and from housing systems, soil, groundwater, and surface water. The model uses a simple approach to maintain transparency and to be able to apply the model in datapoor circumstances. In this study, the animal housing, manure production, and the surface water part of the model were not considered. The INITIATOR application was limited to only the soil part of the model. The total input at the soil surface is calculated by adding the input by animal manure, fertilizer, atmospheric deposition, and biological N fixation. The fate of N in the terrestrial system is calculated as a sequence of occurrences: ammonia emissions, followed by N uptake, N mineralization and immobilization, nitrification, and denitrification in the soil. All N transformation processes are linearly related to the inflow of N. The linear transformation constants are a function of type of manure, land use, soil type, and/or hydrological regime. Emissions of NO x and N 2 O are calculated as a fraction of nitrification and denitrification in the soil, with nitrification and denitrification being equal to a fraction of the net N input to the soil. The net N input is defined as the sum of all N inputs minus NH 3 emission, N uptake, and N immobilization. Table 2 gives a summary of the characteristics of INITIATOR that are relevant for comparison with DNDC.
DNDC
[10] The model DNDC was selected because it has been calibrated and validated for many sites around the world [Brown et al., 2002; Butterbach-Bahl et al., 2001; Cai et al., 2003; Grant et al., 2004; Jagadeesh Babu et al., 2006; Kesik et al., 2005; Kiese et al., 2005; Pathak et al., 2005; Saggar et al., 2004; Xu-Ri et al., 2003; Zhang et al., 2006] and can simulate drained organic soils. Version 9.1 of DNDC was used. DNDC is based on biogeochemical concepts [Li, 2007] . The core of the model is a combination of the Nernst [Stumm and Morgan, 1996] and MichaelisMenten [Paul and Clark, 1989] equations to track microbial activities at hourly and daily time steps. These two equations are coupled via a so-called ''anaerobic balloon.'' The size of the ''balloon'' is defined by the modeled redox potential from the Nernst equation. The soil substrates are allocated on the basis of the calculated aerobic and anaerobic parts of the soil. With the Michaelis-Menten equation, redox reactions can be calculated on the basis of the calculated substrate concentrations. This gives again a new redox potential. Information from the farmer (K. Van Houwelingen, personal communication, 2008) . b The C content is about 35% of the dry matter content [Martinez, 2002] ; the models use the dry matter content as input.
c Estimated using information from the farmer (K. Van Houwelingen, personal communication, 2008) and C:N ratio grass yield [Lantinga, 1984] . d Estimated using information from the farmer (K. Van Houwelingen, personal communication, 2008) , animal numbers, grazing days, C excretion, and N excretion numbers [Bussink, 1994] .
[11] DNDC includes two parts. The first part predicts soil temperature, moisture, pH, redox potential, and substrate (NH 4 +, NO 3 À and DOC) concentrations. This part is driven by the input parameters about climate, soil, and management. The second part predicts N 2 O, NO, N 2 , NH 3 , and CH 4 fluxes. These emissions are calculated using nitrification, denitrification, and fermentation submodels with input parameters estimated in the first part of the model. The model has a site mode and regional mode. Because in this research N 2 O fluxes were simulated on plot scale, the site mode of the model was used.
Model Parameterization and Verification
[12] For DNDC, the use of default values for all model parameters resulted in unrealistic hydrological dynamics and crop uptake. DNDC was therefore parameterized with measured data and coefficients valid for the Dutch situation. INITIATOR was specifically developed and, in its standard configuration, already parameterized for the Dutch situation [de Vries et al., 2003a] . Calibration of both models toward the N 2 O measurements was not done because it would make valid comparison with the measurements and between models impossible. Verification with independent measurements was done for both models to determine whether modeled N 2 O emissions were realistic.
Parameterization of DNDC
[13] For both research plots, simulation with default DNDC parameters gave unrealistic results of groundwater level and water-filled pore space (WFPS), which seriously affected N 2 O emissions. Input parameters driving the simulation of the groundwater level and WFPS in DNDC are the mean highest groundwater level (MHW, m), WFPS at wilting point, WFPS at field capacity, and hydraulic conductivity (m h À1 ). Both plots have an MHW of 0 m, because in winter the groundwater level can reach surface level for days, and the plots often become nearly flooded [Velthof et al., 1996a] . The essential difference between the plots is the mean lowest groundwater level (MLW, m). Unfortunately, DNDC does not use MLW as an input parameter. Using measured values of WFPS at wilting point, WFPS at field capacity, hydraulic conductivity, and 0 for the MHW, the model simulated a continuously saturated soil and a groundwater level permanently at the surface. Therefore the MHW for both plots was parameterized with a simulated WFPS for 27 dates between 15 May 2001 and 28 June 2002 [Jacobs et al., 2003] , using the detailed hydrological model SWAP [Van Dam, 2000] . The MHW input parameter of DNDC was parameterized by searching for the smallest residual error between WFPS values simulated with DNDC and WFPS values simulated with SWAP. After the parameterization, the best fitted MHWs were 0.60 m for the dry plot and 0.49 m for the wet plot. Velthof and Oenema [1995] measured WFPS on the same plots on 34 dates for the year 1992. The best fitted MHWs were used to simulate the WFPS for 1992 and compared with the measured WFPS. The model also adequately simulated WFPS for this year; the root-mean-squared error decreased by 24% for the dry plot and 50% for the wet plot compared to the default model run (data not shown). [14] After parameterization of WFPS, the grass died at the end of every simulation year. This problem was solved by changing the default crop parameters of DNDC. Four default crop parameters for perennial grass differ from measured parameters in Dutch grasslands: maximum grain production (kg dry matter ha À1 ), water requirement (kg water for producing 1 kg dry matter), maximum leaf area index (LAI), and accumulative degree days of maturity (TDD,°C). The default values for these crop parameters were adapted to more realistic values (Table 3) . Other default crop parameters, such as the root-shoot distribution, were close to measured values.
[15] The default C:N ratio for the aboveground biomass of perennial grass in DNDC, i.e., 35, is larger than C:N ratios measured in Dutch grasslands, which are generally around 16 [Lantinga, 1984] . However, using smaller C:N ratios caused the grass to completely disappear at the end of every simulation year, even when nitrogen inputs were very large. Apparently, DNDC assumes that grasslands are less efficient in N use than Dutch grasslands. With a C:N ratio of 16, the nitrogen demand for the first half of every year increased to more than 600 kg N ha À1 . DNDC was originally developed for simulating arable crops. Apparently, the root turnover in DNDC is too fast for perennial grasslands. The default (fixed) C:N ratio of 35 for leaf and stem biomass was therefore used, which means a corresponding C yield of 4.1 ton C ha À1 a À1 (117 kg N from grass cut Â 35) for the dry plot and 4.4 ton C ha À1 a
À1
(125 kg N from grass cut Â 35) for the wet plot. As DNDC calculates with a constant C content of 40%, this corresponds with a yield of about 10.5 ton dry weight grass ha
, which is realistic for Dutch grasslands [Elgersma et al., 1998; Oenema et al., 2005] .
Model Verification
[16] Upscaling of the N 2 O emission measurements to yearly emission estimates of the entire plot was needed in order to compare the measurements with the model outputs. The target scale (the daily and annual emission from an entire plot) is larger than the measurement scale. The duration of a measurement was 1 h, and the surface area covered by the flux chamber was approximately 0.5 m 2 . For spatial upscaling, the plot emission was estimated as the arithmetic mean of the N 2 O emissions from the ten locations. The measured emissions were compared with the emissions simulated with DNDC on a daily scale. Measured and modeled trends and peaks in emissions were compared, and deviations between the minimum and maximum emissions were calculated. To verify annual N 2 O emissions, the measurements also had to be scaled up in time. Previous research [Velthof et al., 1996a] showed that N 2 O emissions in the growing season are significantly larger than N 2 O emissions outside the growing season. Therefore the data set was split into ''growing season'' and ''off-season.'' The growing season for grasslands is defined as the period between 1 March and 1 October [Van Dijk et al., 2005] . As defined by de Gruijter et al. [2006] , the average N 2 O emission was computed aŝ
wherem is the estimate of the annual average N 2 O emission, O G is the number of days in the growing season, O O is the number of days in the off-season, andm G andm O are the estimates of the average N 2 O emission in the growing season and off-season, respectively. The variance of the estimation error was computed as
where Var(m À m) is the variance of the estimation error of the annual N 2 O emission, S G 2 is the sample variance of N 2 O emissions in the growing season, n G is the number of measurement dates in the growing season, S O 2 is the sample variance of N 2 O emissions in the off-season, and n O is the number of measurement dates in the off-season. The standard error was computed as the square root of equation (2), and for each plot it was verified if the simulated annual N 2 O emissions from DNDC and INITIATOR were within the confidence intervals of the measured annual N 2 O emissions.
Analysis of Temporal Resolution Effects
[17] For 2001 through 2006, differences between the simulated annual N 2 O emissions from DNDC and INITIA-TOR were compared, and the years with the largest difference in simulated N 2 O emissions were selected for further analysis. For these years, we analyzed which inputs with high temporal variation caused the differences. Next, a three-step analysis was used to trace the effect of highresolution temporal variation of these inputs on the annual N 2 O emission using DNDC. This high-resolution temporal variation cannot be included in INITIATOR because of its annual temporal resolution. 2.5.1.
Step 1: Identification of High-Resolution Variables and Their Interactions
[18] All input variables that require input at a high temporal resolution in DNDC, e.g., daily temperature, were selected for further analysis. Interactions of these variables that, on the basis of literature, can have a combined effect [21] The variables and variable interactions classified ''high'' of ''low'' for the years with the largest differences in annual N 2 O emission simulated by DNDC compared to INITIATOR were identified as ''key'' variables and variable interactions. These ''key'' variables and variable interactions can be the main cause of differences in simulated N 2 O emission between the two models and consequently show the effect of difference in temporal resolution of the models. [23] Two different methods were used to manipulate the temporal variation in key variables. In the first method, a key variable for a season which was classified as ''high'' was substituted for the same variable from a year with a ''low'' classification for that season. The advantage of this ''switch'' method is that the key variables keep a natural variation, but the disadvantage is that annual totals of the variables could also change. If that was the case, INITIATOR was run as well with the new annual total value of the variable for comparison. In the second method, the within-year distribution of key variables was changed while keeping the annual totals equal. This was done by increasing a variable in a specific season while proportionally decreasing this variable in the other seasons or vice versa. Key variable interactions were manipulated as well by changing the distribution of the variables over the year and thereby influencing the variable interactions.
Comparison of Simulated Annual Average Emission Factors With the IPCC Default Values (Tier 1) and Dutch Values (Tier 2)
[24] Using the simulated annual N 2 O emissions, emission factors were computed, following the IPCC Tier 1 (default values) and Tier 2 (national values) approaches. N 2 O emission factors based on DNDC and INITIATOR results for the six simulation years were estimated using the available management and climate data. The N 2 O emission factor, EF ij , for model i and year j was calculated as:
where ) is the nitrogen input by fertilization, manure application, and manure due to grazing in year j. The N input by deposition was not included, in line with common practice when calculating N 2 O emission factors from measurements [IPCC, 2006] . A similar approach was used by de Vries et al. [2005] to estimate emission factors with INITIATOR on the basis of national N 2 O emission estimates. In this research no unfertilized plots were considered, but Velthof et al. [1996a] measured the background emissions for an unfertilized wet and an unfertilized dry plot from the same farm during 2 years, yielding a measured background emission of 8.6 kg N ha À1 a À1 for the dry plot and 2.0 kg N ha À1 a À1 for the wet plot.
Results
Verification
[25] Figure 2 shows daily N 2 O emissions modeled with DNDC and the N 2 O measurements for both plots. Box plots indicate the error caused by spatial variation of ten N 2 O measurements. While for the dry plot only 58% of the modeled emissions on the measurement dates falls between the minimum and maximum measured emission, the trend of the simulations is similar to the trend in measured emissions. DNDC in general overestimated the fluxes of N 2 O compared to the measurements. For the wet plot, the model fit was satisfactory for spring and summer, while the autumn fit was poor. DNDC modeled larger emissions in autumn than measured.
[26] In Figure 3 , yearly totals, estimated from 1 July 2001 through 30 June 2002, of the N 2 O emissions are shown. For both plots, the estimates from INITIATOR and DNDC are within the confidence intervals of the measurement estimates and therefore not statistically significantly different from the measurements. Verification does not reject either of the two models and neither does it show that one of the two is more accurate than the other.
Analysis of Temporal Resolution Effect
[27] For the dry plot, the largest difference of modeled annual N 2 O emissions between DNDC and INITIATOR was found for 2003 with a higher estimate from INITIA- showed the largest differences between the modeled N 2 O emissions for both plots, these years were important in the subsequent analysis of the temporal resolution effect.
Step 1: Identification of High-Resolution Variables and Their Interactions
[28] The variables with high temporal resolution in DNDC are rainfall, temperature, N removal due to mowing, N input due to fertilization, N input due to manure application, and N input due to grazing. All interactions of rainfall and N inputs (rainfall and fertilization, rainfall and manure application, rainfall and grazing) were selected for analysis in the second step, because the interaction of rainfall and N application is known to trigger N 2 O emissions [Flechard et al., 2007; Jones et al., 2007; Smith et al., 2003] . Because both grass residues are a source of enhanced emissions, the interaction between rainfall and mowing was also used in the second step [Velthof et al., 1996a] . Finally, interaction between rainfall and temperature was selected as well, because high temperature in combination with rainfall can cause N 2 O emission peaks [Skiba and Smith, 2000] .
Step 2: Selection of Key Variables and Variable Interactions
[29] All variables identified in step 1, except temperature, were severely skewed and were therefore log-transformed prior to further analysis. The N 2 O emission was also logtransformed. The temporal aggregation results are shown in Table 4 for the dry plot. Management variables (fertilization, manure, grazing, and mowing) have a larger prolonged effect on N 2 O emissions than meteorological variables (temperature and rainfall). The highest correlation coefficient (r 2 = 0.65) was found between daily N 2 O emission and the interaction between rainfall summed over 12 prior days and temperature summed over 10 prior days.
[30] In Table 5 , the results of the analysis of the seasonal variable values between the years are presented. Table 5 shows that ''high'' and ''low'' variable values correspond to large differences in simulated yearly N 2 O emission for summer rainfall, winter temperature, autumn grazing, interaction between rainfall and temperature, and interaction between rainfall and mowing. These variables were therefore identified as key variables in explaining the effects of temporal variation on simulated N 2 O emissions.
[31] The same analysis was also performed for the wet plot (data not shown). The identified key variables for the wet plot were summer rainfall, spring fertilization, and autumn mowing. The key variable interactions were rainfall and temperature and rainfall and mowing. [33] For 2003, which originally had a dry summer, making the summer wetter and the other seasons drier increased the emission for the dry plot by 27% and for the wet plot by 23%. For 2004, which originally had a wet summer, making the summer drier and the other seasons wetter decreased the emission for the dry plot by 11% and for the wet plot by 3%.
[34] Increasing the interaction of rainfall and temperature in 2003 led to a dramatic increase in N 2 O emissions (more than three times the original emission for the dry plot, see Tables 6a and 6b (Tables 6a and 6b ).
Discussion
Parameterization and Verification
[35] Default parameters of DNDC yielded unrealistic results, particularly for the soil hydrology. Problems with the parameterization of field capacity and wilting point for [Frolking et al., 1998 ]. Therefore, parameterization is essential. After parameterization, the WFPS corresponded to the measured WFPS in 1992, 2001 and 2002, which were all average in terms of summer rainfall. We assume that the model also performed well for years with wet and dry summers. Jagadeesh Babu et al. [2006] indicate the use of default crop parameters in DNDC as a potential source of errors, but could not adjust these because of lack of data. Tonitto et al. [2007] adjusted the crop parameters for their research in Illinois in the same way as in this research.
[36] Although not every simulated daily emission fell between the minimum and maximum measured value for the dry plot, the patterns were similar (Figure 3) . The annual modeled fluxes were within the borders of the confidence intervals of the measured fluxes (Figure 4) .
[37] The simulated nitrogen inputs and outputs to soil were compared with measurements on nitrogen inputs and outputs at other sites in the Dutch fen meadow landscape to analyze differences between modeled and measured nitrogen flows (Table 7) . For both DNDC and INITIATOR, measured N inputs of fertilizer and manure were used. The N deposition used by INITIATOR was based on estimates by an emission deposition model, whereas DNDC used the measured N concentration in rain (mg N l À1 ). Mineralization and accompanied subsidence of the surface layer has been observed in both plots [Beuving and Van den Akker, 1996] . Kuikman et al. [2005] estimated that the mineralization is about 363 kg N ha À1 a À1 for the dry and about 136 kg N ha À1 a À1 for the wet plot. For the dry plot, both models estimated a smaller mineralization, although INITI-ATOR is closer to the estimate of Kuikman et al. [2005] and DNDC largely underestimates the mineralization. For the wet plot the modeled mineralization rates are closer to the estimate of Kuikman et al. [2005] . INITIATOR represents differences between mineralization rates of the dry and the wet plot better than DNDC.
[38] The nitrogen outputs by DNDC are generally too small, particularly for the net crop removal and denitrification (total emissions of N 2, N 2 O, and NO 2 ). The latter value was influenced by underestimation of mineralization in the dry plot. Furthermore, DNDC simulates a strong N accumulation in the soil, which seems unrealistic in view of the underestimated mineralization. The nitrogen outputs by INITIATOR are more in line with the measurements; only N leaching is significantly underestimated. DNDC simulates N 2 O emissions quite independently from the estimated N uptake and N leaching. A crucial difference between both models is the much smaller N 2 O/N 2 ratio estimated by INITIATOR because of the much larger estimated denitrification. Measurements by Van Beek et al. [2004b] are between the DNDC estimate and the INITIATOR estimate for denitrification. Denitrification measurements by de Klein and Van Logtestijn [1994] (4 -16 kg N ha À1 a À1 ) from grassland on peat soil are close to the DNDC estimate, although these measurements were only limited to the topsoil (<20 cm). These findings show that analysis of the nitrogen balance provides valuable information about mea- sured and modeled nitrogen flows for both plots. For the objectives of this study, however, the balance was only used to show differences between modeled and measured nitrogen flows.
Analysis of Temporal Resolution Effect
[39] In three steps, the effect of high-resolution temporal variation on N 2 O emissions was analyzed. For the variables manure, fertilization, and mowing the largest correlation with daily N 2 O emission was found using the sum of the variable over a period of more than 2 months (Table 4) . For the estimation of the annual N 2 O emission it is, therefore, not necessary to know the exact dates of these events. The effect of these events on N 2 O emission is prolonged and nitrogen levels in the soil are enhanced for several months; thus knowing the months in which the events occur is sufficient to estimate the annual N 2 O emission. Rainfall gave the best correlation when using the sum of the prior 10 days for the dry plot. Apparently, it takes about 10 days for the hydrology in the field to return to the initial situation and the effect of rainfall on N 2 O emission is noticeable for more than a week.
[40] The analysis of the temporal resolution effects showed for both plots that changes in the rainfall data set have the largest effect on annual N 2 O emission. The dry plot is more sensitive to summer rainfall than the wet plot. Apparently, the high water levels in the ditches surrounding the wet plot cause the plot to keep a certain wetness even in dry summers. Note that the summer in 2003 was dry and the summer of 2004 was wet (Figure 1 ). Climatological studies indicate that the frequency of these extreme wet and dry years will increase [Koninklijk Nederlands Meteorologisch Instituut (KNMI), 2006] . This study showed that the estimation of the annual N 2 O emission is very sensitive to seasonal changes in rainfall. Especially the amount of rainfall in summer affects annual N 2 O emissions. Temperatures are high in summer and nitrogen is applied in spring or summer. Nitrogen application in spring also causes high nitrogen levels in summer because of the prolonged effect. These conditions are needed for N 2 O emission peaks, together with a certain wetness of the soil. Because for the research plots the conditions for temperature and nitrogen application are always met in summer, the amount of rainfall is probably the decisive condition for N 2 O emission. Large summer rainfall amounts causes large summer N 2 O emissions and a large annual N 2 O emission, and vice versa. Jones et al. [2007] also found large N 2 O emissions due to large rainfall amounts in the growing season. Flechard et al. [2007] observed N 2 O emission factors, which were consequently smaller for dry years than for other years. For boreal sub humid climates, Grant et al. [2006] already advised to decrease emission factors for dry years.
Inclusion of Finer Temporal Resolution Into Low Temporal Resolution Models
[41] Ideally, countries would use Tier 3 methods to accurately simulate their N 2 O emissions, but limited data availability makes this difficult. However, we could use information from Tier 3 methods at small spatial extents (parcels) to improve Tier 2 methods. For instance, the proportion of summer rainfall is not considered in the low temporal resolution model INITIATOR. The analysis of the temporal resolution effects shows that the proportion of summer rainfall can potentially have a large effect on annual N 2 O emission. Therefore, the INITIATOR model can be improved by adjusting the N 2 O emissions for years with a relatively low or high summer rainfall (Table 5 ). For years with ''medium'' summer rainfall (Table 5 ) the emissions were not adjusted, but for years with ''low'' or ''high'' summer rainfall, a linear adjustment was made proportional to the deviation from the normal summer rainfall (i.e., 25% of annual rainfall, according to daily weather data of the Netherlands, available at http://www.knmi.nl). For both plots, this temporal resolution effect was estimated to be 12.9% (±4.5%). For instance, the annual emission increases by 12.9% when the summer rainfall has a share of 26% of the annual rainfall and decreases by 12.9% when the share is 24% of the annual rainfall. The adjusted N 2 O emissions are given in Figure 5 . The annual estimated emissions slightly improved; the root-mean-squared error between DNDC and INITIATOR decreased by 13% for the dry parcel and by 2% for the wet parcel, but differences in results between the models still remain (Figure 5 ). INITI-ATOR estimated on average larger N 2 O emissions for the dry plot and DNDC estimated on average larger N 2 O emissions for the wet plot. This is probably because INITIATOR puts more emphasis on N 2 O emission due to mineralization from the dry plot, while DNDC puts more emphasis on N 2 O emission due to denitrification caused by the high WFPS from the wet plot. Accordingly, differences in modeled annual N 2 O emissions are not only caused by differences in temporal resolution, but also by differences in model concepts. [42] Table 8 shows that the emission factors for DNDC and INITIATOR for the dry plot over the six simulation years are very similar. These emission factors were derived [43] The default Tier 1 value for the N 2 O emission factor according to the updated IPCC Guidelines [IPCC, 2006] is 1% for the application of manure and fertilizer on both mineral and organic soils, on the basis of results of a global N 2 O emission inventory of Bouwman et al. [2002] . The emission percentages used in the Dutch Tier 2 approach are also 1% for mineral soils but 2% for organic soils. This value is mainly based on measurements during a 2 year experimental study by Velthof and Oenema [1995] , who measured N 2 O emissions from managed grassland in the Netherlands on two mineral soils (sand and clay) and two peat soils (similar to this study, a dry and a wet plot). These authors calculated N 2 O emission factors near 1% for the mineral soils but near 2% and 4% for the ''wet'' and ''dry'' peat soils, respectively. The larger values were caused by the larger C and N turnover rates and shallower groundwater levels in peat soils, leading to larger denitrification rates. It is clear that the DNDC and INITIATOR estimates are closer to the national value than the IPCC default value. Note, however, that the differences between the DNDC and INITIATOR estimates and the national value are still substantial.
Conclusions
[44] Comparison of predictions obtained with the high temporal resolution model DNDC and the low temporal resolution model INITIATOR enabled an assessment of the effect of temporal resolution on annual N 2 O emission. However, differences between modeled N 2 O emission are also influenced by differences in model concepts and these differences are hard to separate from those caused by differences in temporal resolution. The results point to the important role of distribution of rainfall within a year for estimating annual N 2 O emissions from intensively managed grasslands in the fen meadow landscape. In years with a relatively large summer rainfall, N 2 O emission estimated with DNDC was larger than estimated with INITIATOR. In years with a relatively small summer rainfall, the opposite occurred. One important conclusion from this work is therefore that low temporal resolution inventory models such as INITIATOR (and other Tier 2 methods) may be improved for intensively managed grasslands on peat soils by adjusting N 2 O emission estimates for years with relatively dry summers and wet summers. More research is needed to analyze to what degree these conclusions may be extrapolated to other ecosystems.
[45] The analysis used to identify key variables and variable interactions showed that not the daily values of these variables are important for predicting daily and annual N 2 O emissions, but the average of the variables over weeks or even months. Aggregates over longer periods showed the largest correlation with daily N 2 O emissions. Especially for management variables, the largest correlations were found using the average of months or even longer. Because of this prolonged effect, the exact dates of nitrogen application are not important for estimating annual N 2 O emissions for intensively managed grasslands on peat soils. It is sufficient to know in which month the application took place. This will greatly simplify upscaling efforts of N 2 O emissions.
[46] The emission factors estimated from DNDC and INITIATOR varied largely between the models and between years. It is therefore recommended to estimate emission factors over a large time period (decades) and to be cautious with years with very large of very small summer rainfall. 
